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SUMMARY 


Structural  adhesive  materials  are  being  used  extensively  to  bond  main  and 
tail  rotor  blades  as  well  as  other  sections  of  helicopter  aircraft. 
Improvements  in  adhesive  bond  line  inspection  sensitivity  levels  and  a 
correlation  to  joint  strength  are  desirable,  especially  in  highly  stressed 
rotating  parts.  In  this  program,  specimens  were  fabricated  of  typical 
rotor  blade  bonded  joint  materials  such  as  fiberglass-epoxy  to  aluminum 
and  graphite-epoxy  to  titanium.  The  joint  geometry  was  also  simulated  to 
represent  both  a  continuous  and  discontinuous  bond  line  separated  by 
parallel  channels.  Adhesive  material  containing  "low"  and  "high"  initial 
water  content  was  used  to  simulate  the  quality  variations  that  might  occur 
in  the  bond  line.  Furthermore,  bond  joint  thickness  and  as-received 
adhesive  porosity  content  were  varied.  For  each  combination  of  adhesive 
material  variation,  bond  quality,  and  joint  thickness,  a  correlation  was 
made  between  an  acoustic  spectroscopy  parameter  and  mechanical  properties 
as  measured  by  lap-shear  durability  strength  or  joint  ultimate  strength  if 
the  durability  test  specimen  did  not  fail. 

The  results  of  the  graphite-epoxy  titanium  bonded  joint  specimen  test 
program  indicated  that  adhesive  joint  porosity  variations  did  not  provide 
significant  acoustic  signal  differences.  Neither  joint  thickness  nor 
porosity  could  be  correlated  with  a  change  in  lap-shear  strength 
durability.  However,  a  slight  but  noticeable  trend  did  exist  between 
acoustic  parameters  and  mechanical  properties  for  thick  bonds  in  both  the 
"dry"  and  the  "wet"  condition.  Fiberglass-epoxy  aluminum  joints  showed 
good  acoustic  signal  separation  characteristics  between  "dry"  and  "wet" 
content  adhesives  and  a  good  correlation  to  lap  shear  stress  durability 
data.  However,  no  comparisons  between  specimens  with  thick  bonds  versus 
thin  bonds  could  be  made  for  these  materials.  Specimens  fabricated  with 
open  parallel  channels  between  the  bonded  areas  did  not  yield  acoustic 
signals  because  of  extremely  thin  adhesive  in  the  bond  line.  The  limited 
number  of  specimens  evaluated  for  each  combination  of  material  and  the 
small  inspectable  surface  area  of  1  sq  inch  for  each  specimen  prevented  a 
determination  of  statistical  trends  that  might  be  present  in  bonded  areas 
of  larger  parts. 

A  plan  for  a  computerized  adhesive  inspection  system  based  upon  acoustic 
spectroscopy  was  developed.  This  plan  included  a  specification  for  a 
prototype  inspection  system  capable  of  being  used  for  the  collection  and 
correlation  of  additional  adhesive  bonded  joint  data. 
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1.0  INTRODUCTION 


The  use  of  adhesive  bonding  to  fabricate  structures  has  become  more 
prevalent  with  the  need  to  reduce  the  weight  of  flight  systems.  The 
increased  use  of  adhesive  bonds  in  critical  components  has  focused 
attention  on  the  methods  used  to  inspect  and  evaluate  bonded  joints. 
Current  practice  has  evolved  process  control  methods  which  monitor  the 
individual  steps  in  bond  fabrication  and  nondestructive  methods  to  check 
for  the  presence  of  bonds  in  finished  components.  Successful  structures 
and  components  have  been  made  using  these  approaches.  Nevertheless,  the 
only  method  currently  available  to  determine  whether  or  not  an  adhesive 
bond  of  adequate  strength  has  been  produced  is  by  destructive  testing. 
Consequently,  there  is  a  need  for  a  truly  nondestructive  method  of 
measuring  the  strength  of  adhesive  bonds. 

Pratt  &  Whitney  Aircraft,  with  Sikorsky  Aircraft  as  subcontractor,  has 
completed  a  program  to  evaluate  ultrasonic  spectroscopy  as  a  method  for 
determining  strength  of  adhesive  bonds  in  composite  structures.  The  object 
was  to  determine  whether  there  were  test  parameters  that  could  be  related 
to  strength  in  adhesive  bonds.  These  parameters  would  serve  as  the  basis 
for  the  design  of  an  instrument  for  evaluating  adhesive  bonds. 

Section  3  describes  the  process  variables  and  the  methods  used  to 
fabricate  the  various  types  of  lap-shear  test  specimens.  Each  type  of 
specimen  is  listed,  together  with  the  location  of  a  similar  configuration 
on  the  BLACK  HAWK  helicopter.  This  section  also  describes  the  mechanical 
testing  procedure  and  the  method  of  acoustic  spectroscopy  used  to  measure 
the  experimental  data. 

Section  4  describes  the  results  of  mechanical  testing  along  with 
observations  about  the  mode  of  failure.  This  section  also  contains  the 
results  of  the  ultrasonic  spectrographic  measurements  and  the  technical 
problems  associated  with  the  measurement  technique. 

Section  5  relates  the  results  of  mechanical  testing  to  spectrographic 
measurements  and  process  variants.  Exceptions  to  general  trends  described 
in  the  data  and  conclusions  are  also  explained. 

Section  6  describes  a  development  plan  for  a  prototype  adhesive  inspection 
system.  The  description  of  the  hardware  is  explained  at  the  module  level, 
and  software  is  detailed  at  the  measurement  system  mode  level. 
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2.u  EXPERIMENTAL  PLaN 


This  section  describes  the  types  of  specimen  conf  igurations,  materia  lb 
comprising  the  specimens,  and  the  process  variaoles  used  in  manufacturing 
the  specimens-  The  acoustic  spectroscopy  measurement  system  is  also 
described,  and  details  associated  witn  the  mechanical  test  procedure  are 
explained. 

2. 1  Specimen  Configurations  and  Materials 

The  overlap  tensile  shear  specimens  were  fabricated  into  three 
configurations  as  shown  in  Figure  J..  The  specimens  moae  I  adhesive  bonds, 
which  are  used  at  the  following  locations  in  the  black  Hawx  nelicopter: 

U)  Fiberglass  skin  to  Blade  Inspection  Method  |,BIMR;  Dlanxet  to 
titanium  spar  bond  used  on  the  main  rotor  Dlade. 

(2)  Graphite  spar  to  titanium  fitting  bond  used  on  the  tail  rotor' 
b I ade . 

li)  FiDerglass  skin  to  aluminum  bond  used  on  the  tail  rotor  blade. 

2.2  Normal  Process  Variables 

Sections  2.2.1  through  2.2.4  list  the  materials  and  descrioe  the  composite 
and  adhesive  cure  conditions,  surface  preparation,  and  bonding  used  to 
manufacture  the  overlap  tensile  shear  specimens.  These  process  variables 
are  for  normal  manufacturing  conditions.  Process  variaDles  which  were 
changed  for  the  purpose  of  altering  tne  adhesive  bond  are  described  in 
section  2.3. 

2.2.1  Materials 

The  following  materials  were  used  to  fabricate  test  specimens  and  are 
identical  to  the  materials  used  on  the  BLACK  HAWK  rotor  b  lades. 

U)  Fi berg  I  ass -epoxy:  SP-114,  3M  Company,  St.  Paul,  Minn. 

(2;  Graphite-epoxy:  RAC  o3t>u/AS,  CiDa-Geigy,  Fountain  Valley,  Ca. 

(3j  Adhesive:  Miii3,  Narmco  Materials,  Costa  Mesa,  Ca. 

(4)  Primer:  Mo72b,  Narmco  Materials,  Costa  Mesa,  Ca. 

(o;  Titanium:  MIL-T-9uao,  Type  III,  Composition  C  or  i)  ^oAi-4V). 

lo)  Aluminum:  QQ-A-25U/5  ale  lad  2U24  sheet. 


2.2.2  Composite  and  Adhesive  Cure  Conditions 


(1)  Fiberglass-epoxy,  SP-114  was  cured  at  360  F  (+10  F)  for  120-130 
minutes  at  bU-70  psi . 

(2)  Graphite-epoxy,  RAC  6350/AS  was  compacted  at  180  F  and  then  cured 
at  360  F  (+10  F)  for  120-130  minutes  at  100  psi. 

(3)  M6726  primer,  applied  to  both  titanium  and  aluminum,  was  air 
dried  for  30  minutes  minimum  at  room  temperature  plus  55-60 
minutes  at  250  F  (+10  F). 

(4)  Ml  11 3  adhesive  was  cured  at  250  F  +  20  F/-10  F  for  60  (+5) 
minutes  at  the  required  pressure. 

2.2.3  Surface  Preparation 


1.  Both  the  SP-114  fiberglass  and  the  RAC  6350/AS  graphite  were 
laminated  into  sheets  with  nylon  peel  ply  on  the  bond  surfaces. 
The  sheets  were  cut  to  the  required  dimension  and  the  peel  ply 
was  removed  at  the  time  of  bonding.  The  adhesive  was  applied 
immediately  after  the  removal  of  the  peel  ply. 

2.  Titanium  was  shot-peened  to  production  requirements  and  then 
Picatinny  etch  treated.  This  is  the  modified  phosphate-fl ouri de 
prebond  treatment  of  titanium  developed  by  the  Department  of  the 
Army,  Picatinny  Arsenal  and  incorporated  into  Sikorsky's 
Specification  SS8461.  After  prebond  treatment,  the  metal  was 
oven  dried  at  130-150  F  for  10-20  minutes  and  primed. 

Oven-drying  and  priming  were  accomplished  within  4  hours  of 
prebond  treatment. 

3.  Aluminum  was  chromic  acid  anodized  per  MIL-A-8625,  except  that 
the  anodize  was  not  sealed.  The  metal  was  oven  dried  at 
130-150  F  for  10-20  minutes  and  primed.  Oven-drying  and  priming 
were  accomplished  within  8  hours  of  removal  from  the  anodize 
tanks. 

2.2.4  Bondi ng 

All  specimens  were  bonded  with  one  layer  of  0.06  weight  nylon  scrim 
supported  Mil  13  adhesive,  with  the  exception  of  the  BIMR  lands  to 
titanium.  In  the  BIMR  to  titanium  bonds,  0.03  weight  of  nylon  scrim 
supported  adhesive  was  used. 


2.3  Variable  Bond  Properties 


Three  processing  variants  were  used  in  the  fabrication  of  the  lap-shear 
specimens : 

(1)  Low  and  specification  level  bonding  pressure  to  achieve  thick  and 
thin  bonds,  respectively 

(2)  Wet  adhesive 

(3)  Porosity  in  adhesive 

Two  bonding  pressures  (50  psi  and  5  psi)  were  used  to  manufacture  the 
specimens.  Specimens  that  required  50  psi  pressure  were  bonded  in  an 
autoclave;  those  requiring  lower  pressure  were  bonded  with  a  dead  weight 
load  in  an  oven.  The  adhesive  for  "wet"  specimens  was  conditioned  for  24 
hours  at  140  F  and  95-100  percent  relative  humidity. 

Initially,  small  glass  spheres  were  used  to  simulate  porosity.  An 
alternate  method,  which  utilized  the  selection  of  uncured  adhesive  with 
large  amounts  of  air  bubbles,  was  also  used  to  simulate  porosity. 

The  combinational  matrix  for  the  process  variants  for  each  configuration 
is  shown  in  Table  1  on  page  12.  Each  configuration  consists  of  twenty-four 
specimens,  divided  into  eight  groups  of  three  specimens.  The  specimens  in 
each  configuration,  numbered  1-3,  have  no  process  variants  and  serve  as 
the  control  group. 
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TABLE  1 


COMBINATIONAL  MATRIX  OF  PROCESS  VARIANTS 
(a)  Fiberglass-SIM^-Titanium  Configuration 


Specification  Quality  Adhesive 

Porous  Adhesive^ 

Pressure  { psi ) 

50 

5 

50  5 

Specimen  No. 

Dry  Adhesive 

1-2-3 

4-5-6 

7-8-9  10-11-12 

Wet  Adhesive 

13-14-15 

16-17-18 

19-20-21  22-23-24 

(b)  Graphite  Epoxy-Titanium  Configuration 


Specification  Quality  Adhesive 

Porous 

Adhesive1 2 

Pressure  (psi) 

50 

5 

50 

5 

Specimen  No. 

Dry  Adhesive 
Wet  Adhesive 

1-2-3 

13-14-15 

4-5-6 

16-17-18 

7-8-9 

19-20-21 

10-11-12 

22-23-24 

(c)  Fiberglass  Epoxy- A1 uminum  Configuration 

Specification  Quality  Adhesive 

Porous  Adhesive! 

Pressure  (psi) 

50 

5 

50 

5 

Specimen  No. 

Dry  Adhesive 
Wet  Adhesive 

1-2-3 

13-14-15 

4-5-6 

16-17-18 

7-8-9 

19-20-21 

10-11-12 

22-23-24 

(1)  Porosity  simulated  by  small  glass  spheres 

(2)  Porosity  simulated  by  selection  of  adhesive  with  air  bubbles 


2.4  Acoustic  Spectroscopy  Testing  Procedure 

A  block  diagram  of  the  measuring  system,  which  was  used  to  ul trasonical ly 
test  lap-shear  specimens,  is  show  in  Figure  2.  The  pulser  excites  the 
acoustic  transducer,  which  is  coupled  to  the  specimen.  Returning  echoes 
are  amplified  by  the  receiver.  The  stepless  gate  allows  the  operator  to 
choose  the  receiver  output  signals  to  be  analyzed  by  the  spectrum 
analyzer.  The  spectrum  analyzer  was  adjusted  to  analyze  frequencies  in 
the  range  of  2-20  MHz. 

An  oscilloscope  monitors  the  input  and  output  signals  of  the  stepless  gate 
as  the  operator  makes  adjustments  to  the  stepless  gate.  The  output  of  the 
spectrum  analyzer  is  a  pulsed  signal.  A  peak  detector  was  used  to  convert 
this  pulsed  signal  to  a  static  voltage  which  is  compatible  with  the 
computer  interface.  The  keyboard  and  display  provide  for  communication 
with  the  software,  and  the  plotter  provides  a  hard  copy  of  the  data. 

Ultrasonic  measurements  were  made  using  a  Harrisonic's  No.  DG  1504  15  MHz, 
0.25-in  contact  transducer  from  the  composite  side  of  the  specimens.  The 
acoustic  couplant  was  an  Automation  Industries  "Multi-Purpose  Ultrasonic 
Couplant"  (medium  viscosity).  The  stepless  gate  was  adjusted  to  pass  only 
the  front  surface  and  back  surface  return  echoes  from  the  adhesive  (Figure 
3).  This  adjustment  was  made  prior  to  analyzing  each  signal.  Special  care 
was  taken  to  position  the  transducer  such  that  the  measurement  was 
reproducible. 

2.5  Mechanical  Testing  Procedure 

Twelve  fiberglass  epoxy-aluminum  and  twenty-four  graphite  epoxy-titanium 
specimens  were  tested  and  evaluated  by  Sikorsky  Aircraft  for  stress 
durability  at  elevated  temperature  and  humidity.  The  initial  load  was 
2300  psi  at  a  test  temperature  of  140  F  and  relative  humidity  of  95 
percent.  If  a  specimen  did  not  fail  within  329  hours  (graphite 
epoxy-titanium)  or  454  hours  (fiberglass  epoxy-aluminum),  it  was  removed 
from  the  testing  jig  and  tested  to  failure  for  residual  lap-shear  strength. 
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3.0  TEST  RESULTS  -  SUMMARY 


Acoustic  and  mechanical  test  results  for  graphite-titanium  and 
fiberglass-aluminum  joints  are  presented  in  Tables  2,  3,  4,  and  5. 
Observations  about  the  mode  of  failure  and  the  results  of  the  ultrasonic 
spectrographic  tests  are  discussed  in  section  4.1. 


TABLE  2 


GRAPHITE  EPOXY-TITANIUM  PROCESS  VARIANT  MATRIX  WITH  MECHANICAL  TEST  RESULTS 

Lap-Shear  Residual  Strength  (psi)  After  Stress 
Durability  Test(l ) 


Adhesive  Selected  for  Few  Air  Bubbles  Adhesive  Selected  for  Many  Air  Bubbles 


Specification 

Specification 

Bonding 

Low  Bonding 

Bonding 

Low  Bonding 
Pressure,  5  psi 

Pressure,  50  psi 

Pressure,  5  psi 

Pressure,  50  psi 

Thin  Bond 

Thick  Bond 

Thin  Bond 

Thick  Bond 

Low  Hmldity 

1 

5544 

4 

5063 

7 

4710 

10 

5290 

"Dry”  Specimens 

2 

5034 

5 

5281 

8 

4759 

11 

4788 

3 

5615 

6 

9 

4950 

11 

5123 

Avg 

5400 

Avg 

5 172^?) 

Avg 

4006 

Avg 

5063 

High  Humidity 

13 

5731 

16 

3771 

19 

4913 

22 

4535 

"Wet”  Specimens 

14 

4204 

17 

5071 

20 

4753 

23 

3206(3) 

15 

4143 

I® 

4157 

11 

4988 

24 

4278 

Avg 

469  2 

Avg 

4333 

Avg 

4874 

Avg 

4006 

Excessive  Post- 
Test  Porosity 


Excessive  Post- 
Test  Porosity 


(1)  No  failure  after  stress  durability  test  at  2300  psi;  140  F;  95  percent  relative  humidity;  329  hr 

(2)  Average  of  two  values  only,  specimen  6  failed  stress  durability  in  9  hours. 

(3)  Specimen  23  has  a  low  shear  load  value. 
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TABLE  3 


FIBERGLASS  EPOXY-ALUMINUM  PROCESS  VARIANT  MATRIX  WITH 
MECHANICAL  TEST  RESULTS 


Low 

Humidity 

"Dry" 

Specimens 


High 

Humidity 

"Wet" 

Specimens 


Specification 

Low 

Bonding 

Bonding 

Pressure,  50  psi 

Pressure,  5 

ill 

Thin  Bond 

Thick  Bond 

Lap  Shear  Strength,  psi^) 

1  2370 

4 

2850 

2  2330 

5 

2900 

3  2380 

6 

3180 

Avg.  2360 

Avg. 

2976 

Hours 

to  Failure^) 

13  33 

16 

69 

14  23 

17 

40 

15  27 

18 

85 

Avg.  27 

Avg. 

65 

High  Post  Test^1 2 3)  High  Post  Test^3) 

Porosity  Porosity 


(1)  Residual  Tensile  Strength  (psi)  at  room  temperature  after  stress 
durability  exposure  at  2300  psi;  140  F;  95  percent  relative  humidity; 
454  hr. 

(2)  Hours  to  failure  at  stress  durability  conditions  described  in  (1). 

(3)  Specimens  did  not  have  intentional  porosity  as  the  process  variant; 
however,  porosity  was  higher  than  expected. 
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GRAPHITE  EPOXY -TITANIUM  PROCESS  VARIANT  MATRIX  WITH 
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(2)  Excessive  bond  line  porosity. 


TABLE  5 


FIBERGLASS  EPOXY-ALUMINUM  PROCESS  VARIANT  MATRIX  WITH 
ACOUSTIC  RESULTS 


Specification  Low 

Bonding  Bonding 

Pressure,  50  psi  Pressure,  5  psi 


Thin  Bond 


Low  Humidity  "Dry" 
Specimens 

Specimen  No.  1,2,3 

Avg.  Resonant 
Depth*1)  16.0 

Energy  Beyond 
Resonance  94 


Thick  Bond 


4,5,6 

18.7 

184 


High  Humidity 
"Wet"  Specimens 

Specimen  No.  13,14,15(2)  16,17,18(2) 

Avg.  Resonant 

Depth*1)  10.0  7.7 

Energy  Beyond 

Resonance  39  73 

Specimens  did  not  have  intentional  porosity  as  the  process  variant. 

(1)  Acoustic  parameters  (average  value  for  three  specimens)  are  resonant  depth. 

(2)  Excessive  bond  line  porosity. 


3.1  Mechanical  Test  Results 

Twenty- three  of  the  twenty-four  graphite-titanium  specimens  survived 
stress  durability  without  failure,  indicating  the  joint  systems  were 
tolerant  of  the  porosity  and  moisture-induced  bond  line  deficiencies. 
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All  of  the  "dry"  fiberg lass-aluminum  specimens  endured  stress  durability 
without  failure.  All  of  the  "wet"  fiberglass-aluminum  specimens  failed 
early  in  tne  tebt.  The  failed  lap-shear  bpecimen  burfaceb,  showing  the 
effectb  of  adhebi  ve  and  Oondirig  procebb  variations  on  joint  porobity,  are 
shown  in  Figure  4. 

3.1.1  Graphite  Epoxy-Titanium 

Mechanical  tebting  data  are  presented  in  Table  2  for  graphite-titanium 
joints  using  the  master  format  shown  in  Table  1(b).  Specimen  6  failed  in 
stress  durability  in  only  9  hours.  The  failure  mode  was  adhesive  to  the 
metal,  and  75  percent  of  the  adhesi ve/primer  combination  came  clean  of  the 
metal.  The  residual  strength  for  the  remaining  specimens  were  considered 
acceptable  on  the  basis  of  past  experience  except  for  specimen  23,  which 
indicated  contamination  on  the  metal  in  the  areas  where  the 
adhesive/primer  separated  from  the  metal.  Six  specimens,  which  had  "wet" 
tnick  bonds,  had  more  porosity  than  the  otner  eighteen,  but  tne  tensi  le 
failure  loads  were  considered  acceptable. 

Normal  specimens  without  process  variants  showed  the  highest  average 
strength.  Specimens  associated  with  thick  bonds  and  "wet"  adhesive  nad 
excessive  porosity  and  the  lowest  average  residual  strength.  The 
mechanical  strength  data  of  individual  specimens  was  not  sufficiently 
uniform  to  separate  out  the  process  variants  according  to  strength. 

3.1.2  Fiberglass  Epoxy-Aluminum 

Mechanical  testing  data  are  presented  in  Table  3  for  fiberglass-aluminum 
joints  using  the  left  half  of  the  master  fonnat  of  Table  lc.  The  data  for 
the  specimens  from  the  right  half  of  the  table  have  been  omitted. 

Specimens  associated  with  these  data  were  manufactured  with  small  glass 
spheres  in  the  adhesive  bond  wnich  were  to  simulate  porosity.  The  data  for 
these  specimens,  however,  were  rejected  because  physical  properties  of 
glass  did  not  produce  a  change  in  the  acoustic  parameters  similar  to  a 
"wet"  porous  bond. 

The  "wet"  specimens  had  a  high  degree  of  porosity  in  the  bond  line  and 
failed  early  in  the  stress  durability  test. 

3.2  Results  of  Ultrasonic  Spectrograph ic  Tests 

Ultrasonic  spectroscopy  data  were  obtained  by  a  measuring  technique  used 
in  previous  studies  on  meta l-to-meta I  adhesive  bonds.  The  measured 
spectrum  parameters  (illustrated  in  Figure  5)  are: 

(1)  Resonant  Frequency 

(2)  Resonant  Depth 

(3)  Energy  Above  Resonance 
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FIBERGLASS  EPOXY  -  ALUMINUM 


Effects  of  Adhesive  and  Bonding  Process  Variations  on  Joint  Porosity 


These  acoustic  parameters  were  measured  from  ultrasonic  spectra  without 
the  benefit  of  the  deconvolution  technique,  which  would  have  divided  out 
the  frequency  dependent  effects  (transducer  bandwidth,  electronic  system 
bandwidth)  from  the  adhesive  bond  ultrasonic  spectrum. 

To  perform  the  deconvolution,  the  composite-adhesive  signal  (which  is  used 
to  obtain  the  reference  spectrum)  must  be  completely  separated  from  the 
adhesive-metal  signal.  These  signals  are  shown  in  Figure  6  for  thick  and 
thin  adhesive  bonds.  The  complex  nature  of  the  composite  face  sheet 
material  provided  an  additional  frequency  dependent  factor  which  limited 
the  ability  of  the  measurement  system  to  separate  the  adhesive  bond 
signals.  Thin  adhesive  bonds  are  more  severely  affected  by  the  reduction 
in  measurement  bandwidth  caused  by  the  composite  face  sheet. 

The  effect  of  the  composite  (graphite)  face  sheet  on  the  frequency 
response  of  the  acoustic  signal  is  illustrated  in  Figure  7.  The  impulse 
that  was  coupled  to  the  graphite  face  sheet  (A)  had  a  wide  bandwidth.  The 
graphite  attenuates  high  frequencies  and  produces  an  impulse  at  the  face 
sheet/adhesi ve  interface  with  a  reduced  bandwidth  (B).  The  combined 
response  of  the  measurement  system  and  the  composite  face  sheet  does  not 
have  enough  bandwidth  to  completely  separate  the  signals  that  define  a 
thick  adhesive  bond.  Failure  to  resolve  this  interface  signal  in  time 
means  that  the  signal  cannot  be  analyzed  to  obtain  the  reference  spectrum 
necessary  to  perform  the  deconvolution. 

Because  the  deconvolution  technique  was  not  used,  the  spectrum  parameters 
(resonant  depth  and  energy  above  resonance)  were  biased  by  the  face  sheet 
frequency  response.  The  effect  of  the  face  sheet  response  on  the  acoustic 
parameters  is  depicted  in  Figure  8.  The  measurements  for  thick  bonds  are 
characterized  by  large  values  of  resonant  depth  and  energy  beyond 
resonance  because  the  resonant  depth  was  located  at  the  largest  amount  of 
power.  As  the  adhesive  bond  decreased  in  thickness,  the  resonant  frequency 
increased  to  a  location  in  the  spectrum  where  the  power  was  reduced,  and, 
therefore,  the  measured  amplitude  of  resonant  depth  and  the  energy  above 
resonance  was  reduced. 

To  allow  for  the  thickness  bias,  which  was  caused  by  the  position  of  the 
resonant  depth  in  the  power  spectrum,  only  comparisons  between  specimens 
of  approximately  equal  thickness  were  made. 

The  measured  acoustic  parameters  for  graphite-titanium  and 
fiberglass-aluminum  are  shown  in  Tables  4  and  5,  respectively.  The 
resonant  frequency  is  inversely  proportional  to  the  adhesive  bond 
thickness,  if  the  adhesive  signals  can  be  completely  separated.  Because  of 
the  measurement  limitations  already  stated,  bond  thickness  was  determined 
indirectly  by  acoustically  measuring  the  composite  face  sheet  and  metal 
back  sheet  thicknesses.  The  sum  of  these  two  values  was  subtracted  from 
the  overall  mechanical  thickness.  The  results  were  then  categorized  as 
thick  or  thin  bonds.  Resonant  depth  and  energy  above  resonance  were 
measured  directly  from  the  adhesive  bond  spectra. 


23 


» 


IDEALIZED 

ACOUSTIC 

SIGNAL 


SIGNAL  FROM 
THICK 
ADHESIVE 
JOINT 


SIGNAL  FROM 
THIN 

ADHESIVE 

JOINT 


Figure  6  Acoustic  Signals  for  Thick  and  Thin  Adhesive  Bonds  -  The  impulse 
originates  at  the  composite  face  sheet  (1).  Adhesive  bonds 
signals  (2  and  3)  are  completely  separated  for  the  idealized 
acoustic  signal.  The  signals  start  to  merge  as  the  bond  line 
decreases  in  thickness  as  shown  in  the  intermediate  sketch.  In 
the  last  diagram,  separate  signals  cannot  be  distinguished  for 
the  thin  adhesive  joint. 


lA)  MEASUREMENT  SVSTEM 


Figure  7  Effects  of  Composite  Face  Sheet  on  Acoustic  Spectrum  -  The 

impulse  at  (A)  has  a  wide  bandwidth.  The  impulse  at  (B)  has  a 
bandwidth  which  has  been  reduced  by  the  frequency  dependent 
attenuation  of  the  graphite  face  sheet.  The  narrow  bandwidth  was 
insufficient  to  separate  the  adhesive  signals  of  a  thick  bond. 
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AMPLITUDE  AMPLITUDE 


THICK  ADHESIVE  BOND 


FREQUENCY 


Figure  8  Illustration  of  the  Effect  of  the  Measurement  System  on  Spectrum 
Parameters  for  Specimens  with  Thick  and  Thin  Bonds 
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3.2.1  Graphite  Epoxy- Titanium 


The  acoustic  parameters  (see  Table  4)  associated  with  thin  and  thick 
adhesive  bonds  have  smaller  values  for  "dry"  specimens  than  for  "wet" 
specimens.  The  parameter  difference  between  "dry"  and  "wet"  specimens  was 
not  large,  especially  for  thin  adhesive  bonds. 

3.2.2  Fiberglass  Epoxy-Aluminum 

The  acoustic  parameters  (Table  5),  associated  with  thin  and  thick  bond 
lines,  have  larger  values  for  "dry"  specimens  than  for  "wet"  specimens. 
This  was  the  opposite  effect  compared  to  the  acoustic  parameters  for 
graphite-titanium  (Table  4). 

3.2.3  Fiberglass  Epoxy-BIM  -Titanium 

BIMR  specimens  were  manufactured  with  a  complex  multi-layered 
(fiberglass-fiberglass  BIMR  BLANKET-titanium)  adhesive  system  (see 
Figure  1(a)).  These  specimens  could  not  be  tested  because  the  adhesive 
signal  could  not  be  recognized.  These  specimens  were  manufactured  with 
thin  adhesives  that  flowed  into  the  parallel  channels  of  the  BIMR 
BLANKET  and  formed  thinner  bonds  than  occurred  for  the  other  specimen 
configurations.  Section  4.2  describes  measurement  limitations  for  thin 
bonds. 
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4.0  DISCUSSION  AND  CONCLUSIONS 


It  is  important  to  note  that  the  limited  number  of  specimens  evaluated  for 
each  combination  of  material  and  the  small  inspectable  surface  area  of  one 
square  inch  for  each  specimen  prevented  a  determination  of  statistical 
trends  that  may  be  present  in  bonded  areas  of  larger  parts.  Trends 
observed  were  restricted  to  individual  composite  material  systems  and  did 
not  apply  to  other  materials  systems.  Acoustic  and  mechanical  properties 
are  discussed  and  compared  in  bar  chart  form  in  the  following  sections. 

4.1  Graphite  Epoxy-Titanium 

Comparisons  between  groups  of  specimens  with  thick  "wet"  adhesive  bonds 
with  excessive  porosity,  and  groups  of  specimens  with  thick  “dry"  adhesive 
bonds,  showed  a  noticeable  trend  for  average  acoustic  parameters  which 
correlated  with  average  mechanical  properties  (see  Figures  9  and  10).  No 
complete  separation  occurred,  however,  in  acoustic  parameters  that 
consistently  separated  "dry"  from  "wet"  bonds  in  the  moisture  range 
evaluated.  There  was  no  correlation  of  these  acoustic  parameters,  which 
would  permit  a  reliable  judgment  as  to  specimen  lap  shear  strength.  An 
example  of  this  situation  occurs  between  two  specimens  with  the  same 
acoustic  parameters.  Specimen  number  23  (with  excessive  porosity)  failed 
at  3206  psi  and  specimen  number  10  (without  excessive  porosity)  failed  at 
5290  psi  (see  Appendix  fo  ’  data). 

Another  illustration  of  this  problem  is  visible  in  data  from  specimen 
number  6.  This  specimen  failed  earlier  than  any  other  specimen  in  stress 
durability  testing  but  displayed  an  acoustic  parameter  similar  to  unfailed 
specimens  numbers  4  and  5  (see  Appendix). 

Thick  "wet"  bonds  did  not  experience  drastic  mechanical  property 
reductions.  One  reason  for  this  lack  of  discrimination  may  result  from  the 
close  dimensional  proximity  of  thin  (0.003  to  0.004  in.)  and  thick  (0.005 
to  0.008  i n. )  bonds. 

When  comparing  acoustic  to  mechanical  property  data,  however,  one 
potential  relationship  was  noted.  Specimens  with  thick,  "wet"  bonds,  which 
had  the  largest  acoustic  parameters,  also  had  the  lowest  mechanical 
properties  (see  Figure  9).  Confirmation  of  this  acoustic  to  mechanical 
property  trend  can  also  be  seen  in  Figure  10  for  specimens  fabricated  with 
adhesive  selected  for  high  as-fabricated  bond  porosity. 

In  other  supporting  programs,  examinations  were  performed  on 
metal -to-metal  adhesive  bonds  and  differences  were  noted  in  comparison  to 
composi te-to-metal  bonds.  One  explanation  for  differences  in  acoustic 
behavior  noted  in  the  subject  program  is  that  for  all  metal  bonds,  the 
face  sheet-adhesive  signal  is  larger  than  the  back  sheet-adhesive  signal 
(see  Figure  11).  The  face  sheet-adhesive  signal  is  smaller  than  the  back 
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sheet-adhesive  signal  for  graphite  epoxy-titanium  bonds.  The  inverse 
relationship  between  mechanical  properties  and  acoustic  parameters 
probably  results  from  the  reversed  amplitude  relationship  of  the  adhesive 
signals. 

The  acoustic  parameter  (resonant  depth)  for  the  four  groups  of 
graphite-titanium  specimens,  which  have  thin  bond  lines,  are  quite  uniform 
(see  Figures  9  and  10).  The  range  of  resonant  depth  and  energy  above 
resonance  parameters  is  not  large.  The  sensitivity  of  the  measurement  is 
not  enough  to  separate  this  group  of  specimens,  which  have  no  process 
variants,  from  the  other  specimens  with  thin  bond  lines.  This  decrease  in 
measurement  sensitivity  is  most  probably  caused  by  the  bandwidth 
limitation  of  the  measurement  system  for  thin  adhesive  bonds. 

4.2  Fiberglass  Epoxy-Aluminum 

The  strength  of  "wet"  and  "dry"  specimens  was  different.  The  "wet" 
specimens  failed  in  stress  durability,  and  the  dry  specimens  were  removed 
from  the  test  after  454  hours  (see  Figure  12).  High  porosity,  which  was 
not  intentionally  introduced,  was  associated  with  "wet"  specimens  only. 
This  was  the  same  effect  observed  for  the  graphite-titanium  specimens. 
Moisture,  which  was  the  process  variant,  appeared  to  introduce  porosity. 
When  the  mechanical  test  results,  which  showed  large  differences  in 
mechanical  strength  between  the  "dry"  and  "wet"  specimens,  were  compared 
to  the  spectrographic  results,  the  acoustic  parameters  in  each  thickness 
class  separated  the  “wet"  from  the  "dry"  specimens.  The  difference  in 
acoustic  parameters  was  not  large  but  significant  in  this  case  because  the 
parameters  for  each  set  of  three  specimens  was  uniform  for  each  process 
variant  group.  Resonant  depth  values  increased  for  the  higher  strength 
specimens.  This  is  the  effect  observed  for  metal -to-metal  specimens. 
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COMPARISON  OF  ACOUSTIC  AND  MECHANICAL  TEST  Rl 
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Figure  9  Graphite  Epoxy-Titanium  Lap  Shear  Specimens  -  Adhesive  Selected 

for  Low  As-Fabricated  Bond  Porosity  (Mechanical  and  Acoustic  Test 
Results) 


COMPARISON  OF  ACOUSTIC  AND  MECHANICAL  TEST  RESULTS 
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Figure  10  Graphite  Epoxy-Titanium  Lap  Shear  Specimens  -  Adhesive 
Selected  for  High  As-Fabricated  Bond  Porosity 
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3.0  UtVcLUPMcrtT  PLMi't  FOK  PKUTOTYPt  AdHcsIVt  iiYbPtiCTlON  SYsTtM 


A  plan  for  a  computerised  adhesive  inspection  system,  wmcn  would  use 
acoustic  spectroscopy  for  signal  analysis,  was  developed.  Tnis  plan 
descrioes  the  requirements  for  a  measurement  system  wmcn  would  measure 
tne  parameters  of  an  ultrasonic  spectroscopic  signature  of  an  acoustic 
signal.  The  measurement  system  would  read  out  mechanical  properties  wmcn 
are  known  to  correlate  with  tne  measured  acoustic  parameters.  Flynn1  and 
Cnang^  nave  shown  that  adhesive  strength  and  adhesive  tmckness  are 
related  to  ultrasonic  spectroscopic  parameters  measured  on  adhesively 
bonded  meta l-to-meta I  specimens.  This  system  is  currently  only  practical 
for  use  on  meta l-to-meta I  Donds  if  the  adhesive  signals  are  separate  from 
other  possible  interfering  signals. 


The  description  of  t tie  measurement  system  consists  of  two  parts: 


li;  Instrument  hardware 
[2)  System  software 

The  instrument  hardware  would  consist  of  four  main  functional  modules: 


(i)  Signal  selection 
{21  Signal  analysis 
(3)  Signal  conversion 

;4)  digital  processing  and  system  control. 

Each  of  these  modules  will  oe  descriDed  in  the  following  plan  at  tne 
submodule  or  device  level. 


The  system  software  would  consist  of  two  main  functional  components: 

Uj  Input  parameters 
{2 )  Modes  of  operation. 

These  components  will  De  described  at  the  subroutine  level. 

Each  main  part  of  this  plan  will  also  describe,  where  applicable,  now  its 
associated  function  carries  out  the  practical  aspects  of  spectroscopic 
measurements . 


The  instrument  (see  Figure  13;,  together  witn  its  associated  software,  is 
designed  to  form  a  measurement  system  capable  of  accepting  input 
parameters,  measuring  spectral  data,  and  reducing  this  information  to 
numerical  values  that  measure  adhesive  Oond  thickness  and  strength.  Unce 
the  measurement  parameters  have  been  selected,  tne  measurement  system  can 
be  used  for  repetitive  testing  with  a  minimum  amount  of  system  operator 
intervention. 
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Acoustic  Spectroscopy  Instrument 


6. l  Instrument  Functional  Description 


The  analysis  of  acoustic  signals  requires  an  instrument  that  would 
comprise  tnese  functional  modules: 

U)  Signal  selection 

(2)  Spectrum  analysis 

(3)  Analog  to  digital  converter  and  digital  to  analog  converter 
interfaced  to  a  computer  bus 

(4)  Digital  Processing  and  system  control. 

The  function  modules  would  De  used  to  generate  the  electrical  signals, 
analyse  the  selected  signal,  measure  the  analysed  signal,  and  implement 
the  software  algoritnms.  An  oscilloscope  would  De  necessary  to  monitor  the 
selected  signal  and  tne  analyzed  signal. 

b.l.i  Signal  Selection 

Three  devices  are  required  to  implanent  signal  selection: 

(1)  Pulser 

(2)  Receiver 

(3)  Stepless  gate 

The  pulser  generates  the  impulses  to  the  acoustic  transducer,  which 
converts  this  electrical  energy  to  acoustic  energy.  The  acoustic  signals, 
which  return  from  adhesive  Dond  interfaces,  are  converted  back  to 
electrical  signals  and  are  amplified  by  a  receiver  amplifier.  Tne  output 
of  the  receiver  amplifier  contains  a  series  of  signals  tnat  are  return 
echoes  from  the  various  interfaces  within  tne  adhesively  bonded  structure. 
A  stepless  gate  would  allow  tne  instrument  operator  to  select  tnose 
signals  which  contain  information  characteristics  of  the  adhesive 
bondline.  These  selected  signals  would  De  analyzed  by  the  spectrum 
analysis  module  and  simultaneously  monitored  with  an  oscilloscope  during 
the  initial  setup  uf  the  instrument. 

b.1.2  Spectrum  Analysis 

Spectrum  analysis  transforms  the  selected  signal,  which  is  in  tne  time 
domain,  into  the  frequency  domain.  The  individual  frequency  (spectral; 
components,  which  constitute  the  original  complex  waveform,  would  oe 
displayed  on  a  component  amplitude  versus  component  frequency  graph 
(spectrum). 


The  functional  module,  wnicn  implements  the  spectrum  analysis,  would 
consist  of  five  devices: 

U)  Attenuator 
l<?)  deat  osci  1 1  ator 
^ 3 J  Mixer 

(4)  Intermediate  frequency  amplifier 
(dJ  Oetector 

Tne  attenuator  reduces  the  selected  signal  amplitude  so  that  succeeding 
devices  would  not  operate  beyond  their  normal  signal  levels.  The  beat 
oscillator  frequency  would  oe  controlled  Dy  the  software  program  via  a 
digital  to  analog  converter.  The  mixer  heterodynes  the  selected  signal 
witn  the  output  frequency  of  the  beat  oscillator.  The  output  of  tne  mixer 
drives  the  intarmedi ate  frequency  (IF]  amplifier.  The  IF  amplifier  passes 
signals  proportional  to  the  spectral  component  amplitude,  witn  a  frequency 
equal  to  the  beat  oscillator  frequency  minus  the  input  selected  signal] 
frequency.  Tne  output  of  tne  IF  amplifier  drives  the  detector,  which 
pruvides  a  static  voltage  proportional  to  tne  IF  signal  amplitude.  Tne 
output  of  the  detector  would  oe  monitored  witn  an  oscilloscope  and 
connected  to  the  analog  to  digital  converter. 

5.1.3  Ana loq-to-Oigita I  and  Diqita  l-to-Ana  log  Conversion 

Digital  computers  cannot  process  analog  signals.  An  analog  to  digital  IA 
to  D]  converter  is  a  device  that  would  oe  necessary  to  implement  tne 
conversion  of  the  analog  output  of  the  spectrum  analysis  module  to  an 
equivalent  digital  signal.  The  reverse  process,  which  utilises  a  digital 
to  analog  (D  to  A)  converter,  is  required  to  implement  computer  control  of 
tne  Deat  oscillator  frequency,  dotn  devices  must  De  Compatible  with  a 
computer,  and  this  can  De  accomp  I ished  by  means  of  a  digital  interface  to 
tne  Computer's  input/output  ous. 

5.1.4  Digital  Processing  and  System  Control 

The  digital  computer  would  comprise  four  devices: 

( 1 ]  Microprocessor 

(2)  Memo ry 
(jj  Keyboard 
14]  Display 

The  microprocessor  is  the  controlling  device  for  the  measuring  system. 

This  device  impianents  the  instructions,  which  are  coded  into  tne 
software.  These  instructions  would  allow  tne  microprocessor  to  control  tne 
A  to  D  converter  and  the  D  to  A  converter.  All  of  these  devices  in 
conjunction  with  the  spectrum  analysis  module,  measure  tne  acoustic 
spectrum. 


As  the  spectrum  data  is  measured,  it  would  have  to  oe  stored  fur  retrieval 
at  sume  other  time.  A  memory  device,  which  is  an  integral  part  of  any 
computing  system,  would  oe  necessary  to  perform  tne  storage  function.  The 
memory  device  would  also  oe  used  to  store  the  software. 

The  communication  link  between  a  human  operator  and  tne  measurement  system 
would  require  a  keyooard  device  and  a  display  device.  The  Keyboard  allows 
the  operator  to  initiate  software  functions,  and  tne  display  returns 
systan  responses. 


Software  for  Spectrum  Analysis  of  Acoustic  Signals 


The  software,  together  with  its  associated  hardware,  is  designed  to  form  a 
measurement  system  capable  of  accepting  input  parameters  and  measuring 
data,  and  reducing  this  information  to  numerical  values  of  adhesive  Dond. 
thickness  and  strength. 


The  acoustic  spectrum  is  the  primary  form  of  data.  The  three  features  of 
an  acoustic  spectrum  releated  to  adhesive  Dond  thickness  and  strength  are: 


(1)  Frequency  difference  oetween  two  resonant  deptns  (bond  tnickness) 

(2)  Resonant  depth  (bond  strength) 

(3)  Average  power  in  spectrum  between  two  frequencies  (Dond  strength) 


The  organisation  of  the  algorithms  to  implement  these  measurauents  and 
otner  instrument  functions  would  oe  both  flexible  and  convenient. 
Flexibility  can  be  assured  if  modes  chosen  may  De  made  in  any  order. 
Convenience  can  be  implauented  by  allowing  tne  system  operator  to 
predetermine  the  sequence  of  operations  so  that  repetitive  tests  may  De 
made  with  minimum  operator  intervention. 


Software  Requirements 


before  testing  is  initiated,  system  parameters  must  De  entered  into  tne 
program  by  the  operator.  This  procedure  is  necessary  so  that  the  constants 
correspond  to  the  analysis  frequency  range  and  tne  full-scale  frequency 
range  of  the  spectral  analysis  module.  This  operation  would  De  required 
whenever  the  analysis  parameters  are  changed. 


Four  modes  of  operation  (analyser  adjustment,  setup,  test,  and  stop)  are 
required  to  implement  the  measuring  system  functions,  tach  mode  must  be 
independently  accessible  from  the  operator's  perspective.  After  each  mode 
is  completed,  the  program  must  enter  a  ready  state  such  that  the  operator 
would  always  be  capable  of  choosing  another  mode. 


The  program  generates  the  control  signal  to  the  spectral  analysis  module. 
The  analyser  adjustment  mode  would  be  required  to  generate  control  signals 
corresponding  to  the  end  points  of  the  control  range.  This  mode  permits 
manual  adjustments  to  be  made  to  the  measuring  system  to  provide  for 
compatibility  between  the  hardware  and  the  software. 
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Tne  setup  mode  would  De  required  to  present  to  the  operator  a  list  from 
which  to  choose  spectral  operations.  These  operations  would  De  capable  of 
acquiring  spectral  data,  performing  mathematical  calculations  with  tne 
data,  and  allowing  the  results  of  these  calculations  to  De  calibrated 
against  adhesively  Donded  standards  of  Known  thickness  ana  strength. 

The  test  mode  would  be  required  to  remember  the  sequence  of  operations, 
which  were  chosen  in  the  setup  mode,  and  to  perform  these  operations  on 
command  by  the  operator. 

The  stop  mode  would  oe  required  to  halt  the  measuring  system  and  return 
the  software  to  the  ready  state  without  altering  previously  acquired  data. 

d.4  Description  of  Program  initiation 

The  frequency  parameters  of  the  spectrum  would  be  input  to  the  program  by 
means  of  an  interactive  dialogue  with  the  operator.  The  spectral 
parameters  required  are:  first  frequency,  last  frequency,  and  full  scale 
frequency.  The  program  would  then  enter  the  ready  state,  from  wnich  the 
operator  may  choose  the  measuring  systen  functional  modes. 

5.5  Description  of  Program  Modes 

5.5.1  Analyzer  Adjustment  Mode 

The  analyzer  adjustment  mode  would  allow  the  operator  three  choices: 

(i.)  Set  the  spectrum  analyzer  for  zero  frequency 

( 2 )  Set  the  spectrum  analyzer  for  full  scaie  frequency 

(3)  Enter  the  ready  state. 

Choices  1  and  2  would  alternately  allow  tne  operator  to  adjust  the 
spectrum  analyzer  such  that  the  output  signals  of  the  computer  would  be 
compatible  with  the  input  requirements  of  the  analyzer. 

5.5.2  Setup  Mode 

The  setup  mode  would  require  an  interactive  selection  of  operations  tnat 
would  De  implenented  in  the  test  mode.  As  each  operation  is  selected,  the 
operator  would  enter  constant  values  (wnere  appropriate),  which  would  set 
the  calibration  of  the  measuring  system.  These  operations  (in  the  order  to 
be  selected)  are: 

(1)  Choose  the  spectrum  (measured  or  reference;  which  would  De 
measured. 

(2)  Normalize  the  spectral  data  which  has  just  Deen  acquired. 

(3)  Deconvolute  the  measured  spectral  data  (not  applicable  to 
reference  spectrum) 
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(4)  Smooth  the  spectral  data. 

(5)  Delta  frequency  calculation  (print  result) 

|o)  Resonant  depth  calculation  (print  result) 

(7)  Area  of  spectrum  calculation  Sprint  result) 

Data  Mani  ou  I  ati  on 

Spectrum.  Operation  Spectrum  would  enable  the  system  operator  to  collect 
either  the  measured  spectral  data  ur  the  reference  spectral  data  wnen  tne 
test  inode  is  entered. 

Normalise.  Operation  Normalize  multiplies  each  frequency  component  of  the 
spectrum  by  a  constant,  which  would  cause  the  maximum  value  of  all 
normalized  spectra  to  be  the  same  value.  The  practical  aspect  of  this 
operation  is  to  compensate  for  the  signal  strength  variations  caused  Dy 
variations  in  acoustic  coupling  Detween  the  transducer  and  tne  test  piece. 

Deconvo lute.  Operation  Deconvolute  would  perform  an  algebraic  subtraction 
between  tne  respective  spectral  components  of  the  reference  spectrum  and 
the  measured  spectrum.  The  data  would  have  to  De  in  the  logorithmic  form 
for  tnis  operation.  The  actual  result  of  this  operation  wouid  be  a 
division  of  the  measured  spectrum  by  the  reference  spectrum.  The  practical 
aspect  of  this  operation  is  to  allow  the  operator  to  remove  the  effects  of 
frequency  response  variations  of  the  measurement  system,  including  tne 
acoustic  transducer. 

If  tne  reference  spectrum  was  chosen  previously,  the  Deconvolute  operation 
cannot  appear  as  a  choice. 

Smooth.  Operation  Smooth  would  allow  the  operator  to  average  out 
localized  scatter  in  the  spectrum  data.  This  operation  would  be  used  Dy 
the  operator  if  delta  frequency  or  resonant  deptn  nad  Deen  selected  and 
the  results  of  these  operations  indicated  that  scatter  in  the  spectral 
data  was  being  recognized  Dy  the  program  as  spectral  features. 

Calcul ation  of  Results 

All  of  the  previous  operations  would  alter  the  spectral  data  if  selected. 
The  following  operations  would  not  alter  the  spectral  data.  If  any  of  the 
following  operations  are  selected,  tne  operator  would  De  allowed  tne 
option  of  entering  a  constant  multiplier.  Tnis  multiplier,  suoject  to 
mathematical  constraints,  would  allow  for  tne  conversion  between  spectral 
parameters  and  known  adhesive  parameters. 
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Delta  Frequency.  Operation  Delta  Frequency  measures  tne  frequency 
difference  between  two  resonant  depths  of  the  spectral  data.  The  program 
would  scan  the  spectrum  for  two  minimum  amplitude  values.  The  respective 
frequencies  associated  witn  these  minima  are  then  subtracted  to  oDtain  the 
resultant  delta  frequency. 

Resonant  Depth.  The  Resonant  Depth  function  determines  resonant  depth, 
and  would  scan  the  spectral  data  for  the  first  two  maximum  values.  A 
straight  line  would  then  be  constructed  between  these  maximum  values,  and 
would  then  serve  as  the  point  of  reference  from  which  the  resonant  depth 
is  measured.  The  function  would  determine  resonant  depth  by  scanning  the 
spectral  data  for  a  minimum  value  oetween  the  two  previously  determined 
maximum  values  and  then  measure  the  vertical  distance  between  the  minimum 
value  and  the  constructed  line. 

Area.  Operation  Area  would  allow  the  operator  to  integrate  a  particular 
area  of  the  spectrum.  The  area  would  be  calculated  by  totalising  the 
amplitude  components  between  two  frequencies.  The  first  frequency  would 
correspond  to  the  frequency  for  the  minimum  value,  which  would  be 
determined  in  the  same  manner  as  aescrioed  for  Resonant  Depth.  Tne  second 
frequency  would  oe  entered  by  the  operator  at  the  time  Operation  Area  is 
selected.  If  no  entry  is  made  at  this  time,  the  full  scale  frequency  would 
be  substituted  by  the  program  for  the  second  frequency. 

5.5.3  Test  Mode 

The  test  mode  would  perform  all  the  operations  that  were  previously  chosen 
by  the  operator.  The  practical  implication  of  this  schaue  is  the 
convenience  of  minimal  button-pushing  operations  when  taking  many 
measurauents.  The  computer  would  print  the  operations  and  the  results  of 
the  computations  that  were  selected  in  the  setup  mode  each  time  the  test 
mode  is  entered.  The  program  would  then  automatically  return  to  the  ready 
state  from  which  the  operator  may  select  any  mode. 

5.5.4  Stop  Mode 

The  stop  mode  would  allow  the  operator  to  interrupt  the  test  in  progress 
without  destroying  the  reference  spectral  data.  The  program  would 
automatically  be  returned  to  the  ready  state. 
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Commander,  U.S.  Army  Electronics  Research  and  Development  Command, 

Fort  Monmouth,  NJ  07703 
1  ATTN:  DELSD-PA-E,  Mr.  Stan  Alster 

1  DELSD-PA-E,  Mr.  J.  Quinn 

Commander,  U.S.  Army  Missile  Command,  Redstone  Arsenal,  AL  35809 

2  ATTN:  DRSMI-TB,  Redstone  Scientific  Information  Center 

1  DRSMI-TK,  Mr.  J.  Alley 

1  DRSMI-M 

1  DRSMI-ET ,  Mr.  Robert  0.  Black 

1  DRSMI-QS,  Mr.  George  L.  Stewart,  Jr. 

1  DRSMI-EAT ,  Mr.  R.  Talley 

1  DRSMI-QP 

1  DRSMI-RLM 

Commander,  U.S.  Army  Materiel  Systems  Analysis  Activity, 

Aberdeen  Proving  Ground,  MD  21005 
1  ATTN:  DRXSY-MP ,  H.  Cohen 


« 
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No.  of 

Copies  To 


Director,  U.S.  Army  Ballistic  Research  Laboratory, 

Aberdeen  Proving  Ground,  MD  21005 
1  ATTN:  DRDAR-TSB-S  (STINFO) 

Commander,  U.S.  Army  Troop  Support  and  Aviation  Materiel  Readiness  Command, 
4300  Goodfellow  Boulevard,  St.  Louis,  MO  63120 
1  ATTN:  DRSTS-PLE( 2 ) ,  Mr.  J.  Corwin 
1  DRSTS-Q 

1  DRSTS-M 

Commander,  U.S.  Army  Natick  Research  and  Development  Laboratories, 

Natick,  MA  01760 
1  ATTN :  DRDNA-EM 


Commander,  U.S.  Army  Mobility  Equipment  Research  and  Development  Command, 
Fort  Belvoir,  VA  22060 
ATTN:  DRDME-D 


1 

DRDME-E 

1 

DRDME-G 

1 

DRDME-H 

1 

DRDME-M 

1 

DRDME-T 

1 

DRDNE-TQ 

1 

DRDME-V 

1 

DRDME-2E 

1 

DRDME-N 

Commander,  U.S.  Army  Tank-Automotive  Materiel  Readiness  Command,  Warren,  MI 

48090 

2 

ATTN:  DRSTA-Q 

Commander,  U.S.  Army  Armament  Materiel  Readiness  Command,  Rock  Island, 

IL 

61299 

2 

ATTN :  DRSAR-QA 

1 

DRSAR-SC 

1 

DRSAR-RDP 

1 

DRSAR-EN 

1 

DRSAR-QAE 

Commander,  Rock  Island  Arsenal,  Rock  Island,  IL  61299 

1 

ATTN:  SARRI-EN, 

Mr.  W.  M.  Kisner 

1 

SARRI-ENM, 

W.  D.  McHenry 

1 

SARRI-QA 

Commander,  U.S.  Army  Armament  Research  and  Development  Command,  Dover, 

NJ 

07801 

1 

ATTN:  DRDAR-LC, 

Mr.  E.  Kelly 

1 

DRDAR-LCA , 

Dr.  Sharkoff 

1 

DRDAR-LCE , 

Dr.  Walker 

5 

DRDAR-QAS , 

Mr.  F.  Fitzsimmons 

1 

DRDAR-SCM , 

Mr.  J.  D.  Corrie 

1 

DRDAR-TSP , 

Mr.  B.  Stephans 

2 

DRDAR-TSS 

(STINFO) 

1 

DRDAR-LCA , 

Mr.  Harry  E.  Pebly,  Jr.,  PLASTEC,  Director 
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No.  of 
Copies 


To 


Commander,  Chemical  Systems  Laboratory,  Aberdeen  Proving  Ground,  MD  21010 
1  ATTN:  DRDAR-CLD ,  Mr.  W.  E.  Montanary 

Commander,  ARRADCOM,  Product  Assurance  Directorate,  Aberdeen  Proving 
Ground,  MD  21010 

1  ATTN:  DRDAR-QAC-E,  Dr.  W.  J  Maurits 

Commander,  Watervliet  Arsenal,  Watervliet,  NY  12189 

1  ATTN:  DRDAR-LCB ,  Mr.  T.  Moraczewski 

2  SARWV-PPI,  Mr.  L.  Jette 

Commander,  U.S.  Army  Aviation  Research  and  Development  Command, 

St.  Louis,  MO  63120 
1  ATTN :  DRDAV-EGX 
1  DRDAV-QR 

1  DRDAV-QP 

1  DRDAV-QE 

Commander,  U.S.  Army  Tank-Automotive  Research  and  Development  Command, 

Warren,  MI  48090 

1  ATTN:  DRDTA-UL ,  Technical  Library 
1  DRDTA-RCKM,  Mr.  S.  Goodman 

1  DRDTA-RCKT ,  Mr.  J.  Fix 

1  DRDTA-RTAS ,  Mr.  S.  Catalano 

1  DRDTA-TTM,  Mr.  W.  Moncrief 

1  DRDTA-ZS ,  Mr.  0.  Renius 

1  DRDTA-JA,  Mr.  C.  Kedzior 

Director,  U.S.  Army  Industrial  Base  Engineering  Activity,  Rock  Island,  IL  61299 
1  ATTN:  DRXIB-MT,  Mr.  D.  Brim 

Commander,  Harry  Diamond  Laboratories,  2800  Powder  Mill  Road,  Adelphi,  MD  20783 
1  ATTN:  DELHD-EDE ,  Mr.  B.  F.  Willis 

Commander,  U.S.  Army  Test  and  Evaluation  Command,  Aberdeen  Proving  Ground, 

MD  21005 

1  ATTN:  DRSTE-TD 
1  DRSTE-ME 

Commander,  U.S.  Army  White  Sands  Missile  Range,  NM  88002 
1  ATTN:  STEWS-AD-L 
1  STEWS- ID 

1  STEWS-TD-PM 

Commander,  U.S.  Army  Yuma  Proving  Ground,  Yuma,  AZ  85364 
1  ATTN:  Technical  Library 

Commander,  U.S.  Army  Tropic  Test  Center,  Fort  Clayton,  Canal  Zone 
1  ATTN:  STETC-TD,  Drawer  942 
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No.  of 
Copies 


To 


Commander,  Aberdeen  Proving  Ground,  MD  21005 
1  ATTN:  STEAP-MT 

1  STEAP-MT-M,  Mr.  J.  A.  Feroli 

1  STEAP-MT -G,  Mr.  R.  L.  Huddleston 

Commander,  U.S,  Army  Cold  Region  Test  Center,  APO  Seattle,  WA  98733 
1  ATTN:  STECR-OP-PM 

Commander,  U.S.  Army  Dugway  Proving  Ground,  Dugway ,  UT  84022 
1  ATTN:  STEDP-MT 

Commander,  U.S.  Army  Electronic  Proving  Ground,  Fort  Huachuca,  AZ  85613 
1  ATTN:  STEEP-MT 

Commander,  Jefferson  Proving  Ground,  Madison,  IN  47250 
1  ATTN:  STEJP-TD-I 

Commander,  U.S.  Army  Aircraft  Development  Test  Activity,  Fort  Rucker,  AL  36362 
1  ATTN:  STEBG-TD 

President,  U.S.  Army  Armor  and  Engineer  Board,  Fort  Knox,  KY  40121 
1  ATTN:  ATZKOAE-TA 

President,  U.S.  Army  Field  Artillery  Board,  Fort  Sill,  OK  73503 
1  ATTN:  ATZR-BDOP 

Commander,  Anniston  Army  Depot,  Anniston,  AL  36202 
1  ATTN:  SDSAN-QA 

Commander,  Corpus  Christi  Army  Depot,  Corpus  Christi,  TX  78419 
1  ATTN:  SDSCC-MEE ,  Mr.  Haggerty,  Mail  Stop  55 

Commander,  Letterkenny  Army  Depot,  Chamber sburg ,  PA  17201 
1  ATTN:  SDSLE-QA 

Commander,  Lexington-Bluegrass  Army  Depot,  Lexington,  KY  40507 
1  ATTN:  SDSLX-QA 

Commander,  New  Cumberland  Army  Depot,  New  Cumberland,  PA  17070 

1  ATTN:  SDSNC-QA 

Commander,  U.S.  Army  Depot  Activity,  Pueblo,  CO  81001 

2  ATTN:  SDSTE-PU-Q 

Commander,  Red  River  Army  Depot,  Texarkana,  TX  75501 
1  ATTN :  SDSRR-QA 

Commander,  Sacramento  Army  Depot,  Sacramento,  CA  95813 
1  ATTN:  SDSSA-QA 
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No.  of 
Copies 


To 


Commander,  Savanna  Army  Depot  Activity,  Savanna,  IL  61074 
1  ATTN:  SDSSV-S 

Commander,  Seneca  Army  Depot,  Romulus,  NY  14541 
1  ATTN:  SDSSE-R 

Commander,  Sharpe  Army  Depot,  Lathrop,  CA  95330 
1  ATTN:  SDSSH-QE 

Commander,  Sierra  Army  Depot,  Herlong,  CA  96113 
1  ATTN:  SDSSI-DQA 

Commander,  Tobyhanna  Army  Depot,  Tobyhanna ,  PA  18466 
1  ATTN:  SDSTO-Q 

Commander,  Tooele  Army  Depot,  Tooele,  UT  84074 
1  ATTN:  SDSTE-QA 

Director,  DARCOM  Ammunition  Center,  Savanna,  IL  61074 
1  ATTN:  SARAC-DE 


Naval  Research  Laboratory,  Washington,  DC  20375 
1  ATTN:  Dr.  J.  M.  Krafft,  Code  5830 
1  Library,  Code  2620 

Commander,  U.S.  Air  Force  Wright  Aeronautical  Laboratories, 

Wright  Patterson  Air  Force  Base,  OH  45433 
1  ATTN:  AFWAL/MLTM,  Mr.  W.  Wheeler 
1  AFWAL/MLLP ,  Mr.  R.  Rowand 

1  Mr.  R.  J.  Zentner,  EAI  Corporation,  198  Thomas  Johnson  Drive,  Suite  16 
Frederick,  MD  21701 


2 

1 

1 

1 

10 


Director,  Army  Materials  and  Mechanics  Research  Center,  Watertown,  MA 
ATTN:  DRXMR-PL 
DRXMR-AT 
DRXMR-FD 
DRXMR-K 

DRXMR-STN,  Dr.  James  M.  Smith 


i i 
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